We present trace element data for 80 samples from about 50 seamounts in the east equatorial Pacific near the East Pacific Ž . Rise. These data indicate that the heterogeneous mantle source that supplies the seamounts consists of two components: 1 Ž . an extremely depleted component, much more depleted than estimates of the source of depleted MORB; and 2 an enriched component even more enriched than average OIB. The depleted component shows large variations in ZrrHf, NbrTa, RbrCs, CerPb, and ThrU that are correlated with each other and with LarSm, indicating that these paired elements do fractionate from each other in some oceanic basalts. The order of incompatibility of trace elements we find differs slightly from that found elsewhere. 
Introduction
Isotopic and trace element studies of oceanic basalts provide fundamental constraints for models of earth's differentiation and convection processes Ž w x. e.g. 1-7 . It is generally thought that mid-ocean Ž . ridge basalts MORB are derived from a mantle source that was depleted early in earth history to produce the continental crust. Hofmann and colw x leagues 3,8 argue that this early differentiation event resulted in a relatively homogeneous mantle, from which the depleted source for MORB and the Ž . more enriched source of Ocean Island Basalt OIB were then produced over a long period, principally w x by the subduction of oceanic crust 9 .
Data from oceanic basalts have led to the identification of several distinct mantle reservoirs and comw x ponents 1 , whose origin and significance is actively w x debated 5,10,11 . In addition to lavas from mid-ocean ridges and large hotspot volcanoes, samples from small seamounts near the East Pacific Rise have previously provided useful windows to the subo-Ž w x. ceanic mantle e.g. 12-14 . These studies, and others, have shown that near-axis seamounts are geochemically more diverse than basalts erupted at the axis. Despite the greater diversity of seamount lavas, reflecting heterogeneity of the mantle source, the mean composition of seamount lavas is very similar to axial MORB, after considering the fact that seamount lavas are generally more primitive, w x with higher abundances of MgO 15 . In this paper, we present new trace element data for about 50 near-ridge seamounts near the East Pacific Rise between 58 and 158N. The samples are a w x subset of those previously studied 15 . Our results confirm that seamount lavas in this part of the Pacific are extremely heterogeneous but can be readily explained by melting of a mantle source consist- Ž . then the sample was evaporated to incipient dryness; 3 1 ml Ž HNO was added and again evaporated to incipient dryness often 3 . Ž . repeated 2-3 times ; 4 after cooling, 1 ml 14 N HNO with 5 ml 3 H O was added, with a tight lid was place on it and it was kept on 2 Ž . a hotplate at ;1108C over night; and 6 the sample was diluted to a total dissolved solid of ; 0.1% with 10 ppb internal standards of 115 In, 187 Re and 205 Tl in a matrix of 2% HNO .
3
Calibration was done against multi-element standard solutions made from high purity metals or oxides from Aldrich. Instrumental sensitivity was maintained in the range 20-35 million counts 115 Ž per second for 1 ppm
In solution often tuned to higher . sensitivity for heavy masses for geochemical purposes . Oxide production was minimized by using a low Ar auxiliary flow rate Ž . Ž . ; 0.5 lrmin and low sample introduction rate 0.5-0.7 mlrmin . Ž . Molecular oxidesrhydroxides interferences for REEs are corrected. Drift was minimized by flushing through a rock solution for ; 30 min before tuning the instrument for a run. Drift corrections are done, in addition to using the internal standards, by repeatedly analyzing a sample as a drift monitor over the duration of a run. The memory effect was avoided by manual analysis and observing 181 Ta count levels between samples in a wash solution of 1% Triton X-100 alternated with 2% HNO . All H O used was 3 2 double-distilled mili-Q water, and all acids used were double-distilled, concentrated acids. Solution stability was checked by analyzing diluted samples immediately after dissolution and then again after 10 months. For most elements in most samples, the results are indistinguishable and there are no systematic effects for any elements. All samples were maintained under clean room conditions during the entire procedure. Most samples in Table 2 were analyzed at least three times. A detailed procedure for sample preparation and analysis can be obtained electronically from the authors. Table 2 Major and trace element analyses of glass samples from near-Ridge seamounts, 58N-158N EPR Cousens 19 has recently made a similar proposal to explain the enriched component present in the mantle below the northeast Pacific. Our data show that, at least in this part of the Pacific mantle, even the most depleted seamount and EPR MORB samples are affected by this enrichment process because the depleted endmember is much more depleted than any available lava samples.
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Data and methods
We analyzed 80 seamount basalt glasses, rock standards, and blanks for trace elements by ICP-MS. Table 1 gives data for the standards and blanks and describes our sample preparation and analytical procedures. Table 2 gives major and trace element analyses of our samples. Major elements were deterw x mined on fresh glasses by electron microprobe 15 and trace elements were determined by ICP-MS at the University of Queensland. Fig. 1 shows sample locations and Fig. 2 Similar plots were used to determine the order of incompatibility shown in Fig. 2 . Note the wide variation of element ratios, these Ž . generally show very limited variation shaded band in oceanic basalts.
Results
As found previously, both enriched and depleted samples may occur on the same seamount and we find no systematics to the geographic distribution of enriched and depleted samples. Enriched samples occur on seamounts as close as 4 km from the axis of the EPR. . PrPr; NbrSm vs. ZrrRb to show that the seamount lavas can be explained by melting-induced two-component mixing; that is, the consequence of melting a two-component mantle source w x 12,13,16-18 . Note that the hyperbolae are not synonymous with w x binary mixing of two singular melts 23,24 , since the seamounts are geographically dispersed. These hyperbolic plots constrain the nature of the mixing end-members. The depleted end-member is more depleted than previously proposed compositions of depleted MORB mantle. The enriched end-member cannot be average continental crust. We suggest that it is recycled ocean crust with a w x prior history of subduction-related melting 6 .
The order of incompatibility shown in Fig. 2 differs slightly from the order conventionally used w x by others 3,5 . To determine the order, we used ratio-element plots of the type shown in Fig. 3 . Plots such as these can confidently be used to infer which element of the plotted pair is more incompatible w x 8,22 . The fact that we find a slightly different order of incompatibility is perhaps not surprising, because ( )this order is expected to vary with tectonic setting, differences in mantle sources and differences in the w x melting process 5 . The most significant differences we find in the order of incompatibility are in the relative incompatibility of Nb, Th, Ta, and U. We find that, in this part of the Pacific mantle, D f quite smooth, showing that the order of incompatibility that we use is indeed appropriate for this sample set.
As shown in Fig. 4 , the trace element variations are apparently the result of melting-induced twocomponent mixing. We have made plots using dozens of different ratios and all are consistent with such two-component mixing. The mixing curves can be w x linear or hyperbolic 23,24 on ratio-ratio diagrams, depending on the differences in relative incompatibility between the two elements in the numerator and in the denominator. The hyperbolic plots, however, constrain the nature of the mixing end-members. The depleted component is extremely depleted. A conservative estimate gives: ZrrHfF 25, NbrTaF 10, ThrUF 1.5, NbrUF 20, RbrCsF 20 and CerPb F 15. On the other hand, the enriched end-member is more enriched that average OIB and resembles Ž . average continental crust CC in many ways. However, it is clear from Fig. 4 and other plots involving Ta and Nb, that CC can not be the enriched endmember, being far too depleted in these elements. Fig. 2 shows that the negative anomalies of Ta, Nb, Zr and other HFSE seen in CC are matched by positive anomalies in our samples. This is especially clear for Ta and Nb. Further, the positive anomalies grow larger with progressive enrichment. This is also shown in Fig. 5 , indicating qualitatively that the Ta and Nb missing from continental crust may reside in w x the mantle source of oceanic basalts 4-6 , particularly in an enriched component.
As shown in Fig. 5 . Excess Ta Ta s TarU normalized to primitive mantle plotted against excess Nb for our samples. Note that all our samples, as well as average oceanic basalts, have excesses of both Ta and Nb relative to primitive mantle, while continental crust shows a depletion. We propose that the excess Nb and Ta results from the incorporation of low degree melts into the highly depleted source of N-MORB. Further, we suggest that the ultimate w x source of these melts is recycled ocean crust 6,9 with a previous history of melting in subduction zones.
tionated from each other, either during formation or modification of the depleted mantle source, or during melting to produce seamount magmas.
To gain insight into the nature of this process, we plot the variability of each element for seamount and EPR axis basalts. Fig. 7 shows that the relative variability of the elements varies rather smoothly with their order of incompatibility, as previously w x found for other suites 8,30 . Furthermore, the patterns are the same for seamount and axial lavas. This observation provides strong evidence that the process leading to the observed correlated fractionations in ZrrHf, NbrTa, RbrCs, CerPb, ThrU, LarSm and w x other ratios is a melting process 30 . Additional evidence for this comes from a plot of our data similar to Fig. 2 , but with the data normalized to the Ž most depleted seamount sample. This plot not . shown indicates very smooth and regular increases in incompatible element abundances in progressively enriched samples.
Discussion and conclusions
The data presented above shows that the mantle sampled by near-EPR seamounts in the east Equato-( )Ž . Fig. 6 . Trace element ratio-ratio plots of seamount data to show correlations. Note that the plots involving LarSm bottom set of panels Ž . show curved data arrays. Also shown square is the mean of axial EPR data from 58 to 158N, with 4s bars. R75, labeled on plots involving CerPb, is a basaltic andesite with 54 wt% SiO . 2 rial Pacific consists of two end-members: an extremely depleted one, much more depleted than estiw x mates of the depleted MORB mantle 1,2,5,7 , and a highly enriched component derived from a source with anomalous enrichments of Nb and Ta relative to Th and U. These end-members are mixed in various proportions prior to or during melting to produce seamount magmas. Physically, these heterogeneous mantle domains must be rather small, perhaps on the order of several hundred meters, in order to explain the great diversity seen in the lavas of single seamounts. It seems reasonable that the enriched component represents highly localized dikes or veins, Ž w x . as previously proposed e.g. 11,13,16,31 . Important clues about the origin of the enriched component are its enriched nature and its enrichments of Nb and Ta relative to Th and U. It is widely believed that fractionation of Nb and Ta from Th and U occurs only in subduction zones, although the w x mechanism is controversial 6,32-34 . There appears to be wide agreement that, whatever the reason for the relative HFSE-depletion of arc magmas, it is likely that there is a complementary enrichment in other reservoirs, such as subducted hydrous ocean w x crust 6 and perhaps the mantle portion of the slab, w x or else the mantle wedge 33 . We propose that the overall enrichment of the enriched seamount component, as well as its relative enrichment of Nb and Ta, point to subducted oceanic crust as a likely candidate for this component.
If so, then one possibility is that this enriched material has simply been mixed into the upper mantle below the east Equatorial Pacific by convective Ž w x. processes e.g. 35 . Once mixed with depleted mantle, upwelling could cause small amounts of melting and these melts could be dispersed as highly mobile, Ž w x. metasomatic fluids e.g. 18 , possibly in the loww x velocity asthenosphere 36 . We favor this scenario because recent mantle convection models favor only episodic mixing between the upper and lower mantle Ž w x. e.g. 37 and because the apparent absence of other enriched components in the east Equatorial Pacific does not suggest a well-stirred, multi-component w x blend 7 . In addition, the small size scale of the heterogeneities and the absence of larger-scale geographic gradients in trace element abundances in the area both suggest wide, but 'spotty' dispersal, consistent with a metasomatic or low-degree melt origin.
In conclusion, the new trace element data we present provide strong evidence for the involvement of recycled ocean crust in the east Equatorial Pacific mantle source of seamount lavas. These data also w x provide additional evidence 6 that the missing Nb and Ta in continental crust reside in the mantle source of oceanic basalts.
